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ABSTRACT
HD 81809 has one of the highest quality activity cycles from the sample of stars synoptically observed in the Mount
Wilson Observatory HK Project. However, this object is in fact a binary system, raising the question as to which of
the components is responsible for the observed cyclic activity and what are the properties of that active component.
The Hipparcos spacecraft obtained resolved two-color photometry for this system that indicates that both components
are near the solar temperature. Combined with the precise Gaia parallax and empirical bolometric corrections we
derive component luminosities of LA = 5.8± 0.3LN and LB = 1.025± 0.055LN, and radii RA = 2.42± 0.08RN and
RB = 1.04 ± 0.04RN, confirming that the primary component is a subgiant. We perform an independent estimate
of the rotation period of the A component based on v sin i and find that it agrees with the 40.2 d period previously
measured from the Ca HK time series. We explore plausible scenarios for the deconvolved S-index and find that a
cycling A component would have an activity level within the bounds of ensemble activity-rotation trends, while a
cycling B component likely does not. Based on the available rotation and activity evidence, we find the most likely
characterization of the system is a subgiant primary component responsible for the smooth cyclic behavior in Ca HK
with log(R′HK) ∼ −4.89, while the secondary component has relatively flat activity at log(R′HK) ∼ −5.02.
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dynamo
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21. INTRODUCTION
Diligent observations of magnetic activity proxies for
“Sun-like” stars have enabled astronomers to search for
stellar counterparts to the long-studied solar sunspot cy-
cle. Olin C. Wilson and colleagues were the first to com-
mit to such an observation program with the Mount Wil-
son Observatory (MWO) HK Project using the HKP-1
spectrophotometer (Wilson 1968, 1978). The activity
proxy of choice was the emission in the calcium H & K
line cores produced in the lower chromosphere by mag-
netic heating processes (Linsky & Avrett 1970). Wil-
son’s observational records were extended by the HKP-2
photometer (Vaughan et al. 1978) and after 25 years of
observation a variety of activity patterns were discov-
ered in magnetically active stars (Baliunas et al. 1995).
Besides the familiar pattern of the quasi-periodic so-
lar cycle (Livingston et al. 2007; Egeland et al. 2017),
stars were found with erratic, non-periodic variability or
nearly flat activity records. The existence of these va-
rieties of variability raises the question “What are the
physical conditions conducive to producing a smoothly
varying quasi-periodic magnetic cycle like that of the
Sun?”
We can make progress on this question in a statisti-
cal sense by carefully analyzing the fundamental prop-
erties of a sample of stars whose long-term activity is
observed. This is a small sample of at most a few hun-
dred stars at present, due to the difficulty of maintaining
such long-term observation programs in a social and sci-
entific environment that prioritises short-term advances.
The MWO HK Project endured the longest from 1966–
2003. Using 25 years of data for 111 FGK-type stars,
(Baliunas et al. 1995) found that about half of their
sample had statistically significant evidence for a peri-
odic cycle, about a quarter were erratic variables, and
another quarter had flat (or nearly so) activity. The cy-
cling class was further divided into four classes based on
their estimated quality: poor, fair, good, and excellent,
with the Sun demonstrating an “excellent” cycle. These
classes have a noticeably different character, with the
“excellent” and “good” classes showing obvious period-
icity in their time series like the Sun, while the “fair”
and “poor” classes are not so obvious and indeed it is
questionable whether they are actually Sun-like cycles
at all. For this reason, subsequent studies of the re-
lationship between cycle period and stellar properties
such as rotation and convective turnover time typically
use only the high-quality “excellent” and “good” cycles
(Saar & Brandenburg (1999), Brandenburg et al. (1998),
Bo¨hm-Vitense (2007), Brandenburg et al. (2017))
Baliunas et al. (1995) observed that “K-type stars
with low 〈S〉 almost all have pronounced cycles.” But
what about G-type stars, like the Sun? Egeland (2018)
conducted a statistical analysis of the (Baliunas et al.
1995) sample, finding that only 3 stars in the G-group
(0.58 ≤ (B − V ) < 0.75) have high-quality “excellent”
or “good” cycles, including the Sun. The vast major-
ity of the other high-quality cycles (17/21) are from the
K-group ((B − V ) ≥ 0.75). The other G-group high-
quality cyclers include HD 78366 ((B − V ) = 0.60) and
HD 81809 ((B − V ) = 0.65). The former has two sig-
nificant cycle periods and therefore does not have vari-
ability qualitatively similar to the Sun, and furthermore
is evolved (luminosity class IV-V; Gray et al. (2003)).
The latter is the subject of this work; it has a very Sun-
like ∼8 yr “excellent” class cycle, however its character-
ization is uncertain because it is in fact an unresolved
binary system with a convolved (B − V ) of 0.65. Be-
cause the cycle of the convolved Ca HK signal for HD
81809 is so pronounced, it is clear that the variability is
dominated by only one component of the binary. The
other component is either flat activity, or has an ampli-
tude of variability in HK flux that is much smaller than
the cycling component. In summary, unless the vari-
able component of HD 81809 turns out to be a G-type
star, then there are no other G-type stars in the Bali-
unas et al. (1995) sample which have a Sun-like cycle.
Egeland (2018) concluded that the Rossby number, the
ratio of the rotation period to the convective turnover
timescale, appears to be the critical parameter which de-
termines whether a star shall have a Sun-like cycle. The
relatively large solar Rossby number is found to be close
to that of the K-type stars with high-quality cycles.
HD 81809 was apparently not known to be a binary
by Olin Wilson at the onset of the observation program
in 1966 (Baliunas et al. 1998), although it has been ob-
served as a visual binary such since at least 1938 (van
den Bos 1938; Baize 1985). With only 12 years of data
Wilson (1978) found HD 81809 to be the only star with
“definitely” cyclic behavior with a period of about 10
years, and remarked that the star is “rather similar
to the Sun in spectral type and [cycle] period”. Vi-
sual measurements by Baize (1985) found a separation
of ∼0.4′′, later confirmed with speckle interferometry
(McAlister et al. 1990), and an orbital period of 35 yr.
Radial velocity measurements by Duquennoy & Mayor
(1988) were consistent with the orbital period of 35 yr
and component masses of 1.5±0.5M and 0.8±0.2M.
The rotation period measured from the Ca HK time se-
ries was found to be quite long, ∼40 d (Noyes et al.
1984), which led Baliunas et al. (1995) to suggest that
the variations were due to the lower-mass component
with an estimated spectral type of ∼K0. This was mo-
tivated by the activity-rotation study of Noyes et al.
3(1984), in which such a slow-rotating, moderately active
(〈S〉 = 0.172) star would be peculiar were the higher-
mass component (estimated to be ∼G0V) responsible
for the variability. Later works continued to assume the
HK emission of HD 81809 was due to a K-type compo-
nent with (B−V ) ∼ 0.80 (e.g. Brandenburg et al. 1998;
Saar & Brandenburg 1999; Bo¨hm-Vitense 2007). One
notable divergence from this interpretation comes from
Favata et al. (2008), who studied the X-ray emission
of HD 81809 and concluded that only the larger, higher
mass component has enough surface area to produce the
observed X-ray fluxes assuming solar-like active regions.
We will further discuss what we can conclude from the
X-ray observations of HD 81809 in Section 6.
The purpose of this work is to use the latest avail-
able observations to characterize the components of HD
81809, and from there infer which of the components
is most likely responsible for the Ca HK variations re-
sulting in an ∼8 yr cycle and ∼40 day rotation. In
Section 2 we present the resolved two-color photometry
from the Tycho instrument on Hipparcos, and how these
data along with the observed orbital properties update
our understanding of the components. Next, in Section
3 we develop an argument based on rotation that sug-
gests the A component is responsible for the Ca HK
observations. In Section 4 we attempt to deconvolve the
observed S-index based on the resolved (B−V ). Finally,
we summarize our conclusions in Section 5 and end with
a discussion of the implications of our new characteriza-
tion of HD 81809 in Section 6.
2. OBSERVATIONS AND CHARACTERIZATION
OF THE HD 81809 SYSTEM
2.1. Ca ii HK Activity Cycle and Rotation
Figure 1 shows the 51-year composite S-index time
series for the HD 81809 system, with observations from
the MWO HK Project in red and those from the Lowell
Observatory Solar-Stellar Spectrograph (SSS) in blue.
SSS observations are calibrated to the Mount Wilson
scale using a linear regression for near-coincident obser-
vations from an ensemble of 26 solar-analog stars and
an additional scaling factor to eliminate remaining dis-
continuity (Egeland 2017). S is defined as:
S = α
NH +NK
NR +NV
(1)
where NH and NK are the counts in 1.09 A˚ triangular
bands centered on Ca iiH & K in the HKP-2 spectropho-
tometer, NR and NV are 20 A˚ reference bandpasses in
the nearby continuum region, and α is a calibration con-
stant (Vaughan et al. 1978). The binary components are
not resolved in these observations, therefore flux in each
of the four bands is convolved. This long time series
clearly shows five full and two partial Sun-like cycles. A
Lomb-Scargle periodogram analysis (Lomb 1976; Horne
& Baliunas 1986) of the composite S-index data finds
the cycle period to be 8.17 ± 0.02 yr, where we have
estimated the uncertainty using equation (3) of Baliu-
nas et al. (1995), and furthermore have found our cy-
cle period estimate using an additional 25 years of ob-
servations to be equivalent to their previous value of
8.17±0.08. The median activity is Ŝ = 0.1751±0.0003,
where the 1-σ uncertainty is estimated using the me-
dian absolute deviation scaled on the assumption of a
Gaussian distribution.1
Donahue (1993) and Donahue et al. (1996) conducted
a periodogram analysis on seasonally binned data from
MWO available at the time, finding statistically signif-
icant periods in 6 of 26 seasons. The mean rotation
period Donahue found was 40.2 days with an rms of
2.3 days, and with seasonal measurements ranging from
37.0 to 43.0 days. The maximum difference ∆P = 6.0
days can be interpreted as a sign of differential rotation
due to rotational modulations originating from active
regions at varied latitudes (Donahue et al. 1996). Don-
ahue (1993) also looked for correlations between seasonal
rotation period measurements and seasonal mean activ-
ity that could reveal a solar-like pattern of slow rotation
at times of low activity when sunspots appear at high
latitudes. No such pattern was found for HD 81809. An
updated rotation search is planned for HD 81809 and
an ensemble of MWO and SSS stars in a future publi-
cation. For the present work we will rely on the results
of Donahue et al. (1996).
Figure 1 also shows the X-ray 0.2–2.5 keV luminosity
timeseries of Orlando et al. (2017) observed by XMM-
Newton (excluding one high LX observation presumably
due to a flare). The X-ray observations presently cover
one whole and two half-cycles, and is clearly in phase
with the Ca HK cycle. The median LX is 3.52 × 1028
erg s−1, and the range is from 1.43 to 8.73 ×1028 erg s−1.
(Judge et al. 2003) estimated the solar X-ray flux in the
ROSAT 0.1–2.4 keV bandpass from SNOE-SXP obser-
vations, finding it to vary from 6.31×1026 to 7.94×1027
erg s−1 over the solar cycle with an absolute accuracy of
±50%. We estimate the median solar luminosity from
this to be the midpoint, 4.29 × 1027 erg s−1. Neglect-
ing the small offset in the bandpass, the median X-ray
luminosity of HD 81809 is a factor 8.2 larger than the
Sun and the (max − min) amplitude is 10 times larger.
A Lomb-Scargle periodogram of the X-ray data finds a
1 In this work we use x̂ to denote median of a series of values
x, while the mean is denoted 〈x〉.
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Figure 1. Top: Composite S-index time series for HD 81809, with MWO observations in red and SSS in blue. XMM-Newton
X-ray observations are overplotted as open circles with the scale on the right axis. Bottom: Lomb-Scargle periodogram of the
composite S-index time series (solid line) and X-ray observations (dashed line), the latter multiplied by 10 for better visibility.
cycle period of 7.6±0.2 yr. This is notably shorter than
the period derived from the S-index time series, which
could be due to the cycle covered by the X-ray obser-
vations being shorter than the mean. To test this, we
computed a Lomb-Scargle periodogram of an S-index
time series truncated to within the time limits of the
X-ray observations. In that case, we obtained a cycle
period of 7.9± 0.2 yr, which is compatible to within the
uncertainties with the X-ray cycle.2
2.2. Orbit Observations and Component Masses
Table 1 summarizes orbital properties and convolved
measurements for the HD 81809 system. We take the
latest orbital solution updated using SOAR speckle pho-
tometry found in (Tokovinin et al. 2015), in particular
the semimajor axis a = 0.428 ± 0.001, orbital period
34.80± 0.06 yr, and inclination iorb = 85.4± 0.1◦. This
solution had a quality grade of 2 out of 5, which is char-
2 Orlando et al. (2017) reported an X-ray cycle period of 7.3±0.3
yr by fitting a sinusoid to their data. We were not able to repro-
duce this result from their published data and using the Lomb-
Scargle periodogram. However, by including the presumably flar-
ing observation of 2002-11-02 we obtained a shorter cycle period
of 7.2 yr.
acterized as “Good: most of a revolution, well observed,
with sufficient curvature to give considerable confidence
in the derived elements. No major changes in the el-
ements likely” (Hartkopf et al. 2001). We adopt the
Gaia DR2 parallax pi = 29.63 ± 0.76 mas (Gaia Col-
laboration et al. 2016, 2018), which agrees to within
the uncertainties with the earlier corrected Hipparcos
parallax from So¨derhjelm (1999) (pi = 29.0 ± 1.1 mas).
From this we obtain the mass sum from Kepler’s third
law, MA + MB = (a/pi)
3/P 2orb = 2.5 ± 0.2M. We
adopt the radial velocity measurements and resulting
mass ratio q = MA/MB = K1/K2 = 0.579 ± 0.084 of
the ninth catalogue of spectroscopic binary orbits3 Pour-
baix et al. (2004, hereafter SB9). Combining these val-
ues, we obtain component masses MA = 1.58± 0.26M
and MB = 0.91 ± 0.15M. These more precise val-
ues are consistent to within the uncertainties of the ear-
lier Duquennoy & Mayor (1988) values used by Baliunas
et al. (1995) for their interpretations of the binary. How-
ever, the best estimate mass of the A component has
decreased and that of the B component has increased,
placing the latter closer to the solar mass and further
3 http://sb9.astro.ulb.ac.be/DisplayFull.cgi?1474+1
5Figure 2. Orbital observations. Top: Orbital solution and
astrometry from Tokovinin et al. (2015). The position of
the primary at the coordinate center is marked by a large
cross, the line of nodes is traced by a dash-dotted line, and
the orbital solution a solid line. The scale is in arcseconds.
Interferometric (solid blue), Hipparcos (red), and microme-
ter (green crosses) measures are connected to their expected
positions on the calculated orbit. Bottom: Radial velocity
observations from SB9 catalog (Pourbaix et al. 2004). Filled
circles are the primary and open circles are the secondary.
The solid lines show the orbital solution, while the dashed
line gives the center-of-mass radial velocity.
from the K-type star that was previously assumed. Un-
fortunately, the mass uncertainties remain large and are
not particularly useful for estimating the expected ac-
tivity of the components.
Table 1. HD 81809 Orbital and Blended Properties
Property Value Reference
parallax, pi 29.63± 0.76 mas (1)
semimajor axis, a 0.428± 0.001 as (2)
14.44± 0.37 AU
orbital period, Porb 34.80± 0.06 yr (2)
orbital inclination, iorb 85.4± 0.1 ◦ (2)
B 6.02 (3)
V 5.38 (3)
B − V 0.64 (3)
BT 6.196± 0.014 (4)
VT 5.483± 0.009 (4)
q = MA/MB 0.579± 0.084 (5)
MA +MB 2.7± 0.9 (5)
2.5± 0.2 (E18)
[Fe/H] −0.29 (6)
v sin i 2.9± 0.3 km/s (7)
rotation period, Prot 40.2± 2.3 d (8)
cycle period, Pcyc 8.17± 0.02 yr (E18)
HK activity, Ŝ 0.1751± 0.0003 (E18)
X-ray activity, L̂X 3.52× 1028 erg s−1 (9, E18)
References— (1) Gaia DR2 (Gaia Collaboration et al.
2018) (2) Tokovinin et al. (2015) (3) Johnson et al. (1966)
(4) Høg et al. (2000) (5) Pourbaix (2000) + SB9 website
(6) Holmberg et al. (2009) (7) Ammler-von Eiff & Reiners
(2012) (8) Donahue (1993) and Donahue et al. (1996) (9)
Orlando et al. (2017) (E18) This work.
2.3. Tycho Photometry and Component Luminosity,
Temperature, and Radius
The Tycho Double Star Catalog (TDSC; Fabricius
et al. 2002) contains resolved two-color photometry for
HD 81809 A & B in the Tycho BT and VT bands,
which are close to the Johnson B and V bandpasses.
TDSC consists of a re-reduction of the Tycho data,
whose Tycho-2 catalog (Høg et al. 2000) only contains
resolved binary components for separations of 0.8′′ or
greater. The double star solution method for TDSC
is close to that described in Høg et al. (2000), but in
this re-reduction solutions with separations below the
previous conservative limit of 0.8′′ were accepted. The
smallest accepted separation in TDSC is 0.29′′, while the
reported separation for HD 81809 A & B at that epoch
6Table 2. HD 81809 Component Properties
Property A Value B Value Reference
Hp 5.746± 0.003 7.25± 0.01 (1)
BT 6.34± 0.01 8.25± 0.02 (2)
6.17± 0.03
VT 5.63± 0.01 7.52± 0.01 (2)
5.46± 0.02
(BT − VT ) 0.71± 0.01 0.73± 0.02 (2)
B 6.20± 0.01 8.10± 0.02 (E18)
6.02± 0.03
V 5.56± 0.01 7.45± 0.01 (E18)
5.38± 0.02
(B − V ) 0.64± 0.01 0.65± 0.02 (E18)
0.64± 0.03
∆V 1.89± 0.02 (E18)
MV 2.99± 0.06 4.88± 0.06 (E18)
∆MV 2.51± 0.06 0.85± 0.06 (E18)
Teff 5757± 57 K 5705± 73 K (E18)
L/LN 5.8± 0.3 1.025± 0.055 (E18)
R/RN 2.42± 0.08 1.04± 0.04 (E18)
M/MN 1.70± 0.64 1.00± 0.25 (3)
1.58± 0.26 0.91± 0.15 (E18)
Peq 42± 29 — (E18)
〈Prot〉 40.2± 2.3 d ∼ 28 d (4), (E18)
Ŝ ∼ 0.178 ∼ 0.157 (E18)
log(R̂′HK) ∼ −4.89 ∼ −5.02 (E18)
References— (1) ESA (1997) (2) Fabricius et al. (2002)
(3) Pourbaix (2000) (4) Donahue (1993) and Donahue
et al. (1996) (E18) This work.
Note—Values between the A and B columns are the mag-
nitude sums of A and B. ∆MV is the height above the
main sequence as defined by Wright (2004). Peq is the
equatorial rotation based on v sin i and assuming spin-
orbit alignment. Values prefixed with ∼ are based on
the assumed deconvolved activity scenario Case 1 from
Section 4.
was 0.52′′. The methods for the photometric solution
are described briefly in Fabricius & Makarov (2000) and
extensively in ESA (1997). Briefly, the Tycho photome-
try consists of averaging each slit crossing of the target
stars into a global average solution, where each crossing
consists of two series of 31 photon counts in the BT and
VT bands. The TDSC photometry (BT , VT ) and color
index BT − VT for HD 81809 A & B are given in Table
2, as well as their magnitude sums. These magnitude
sums may be compared to the unresolved Tycho-2 solu-
tion of Høg et al. (2000) shown in Table 1 as an internal
consistency check. The differences (TDSC - Tycho-2)
are ∆BT = −0.025 ± 0.033, ∆VT = −0.023 ± 0.022,
∆(BT −VT ) = −0.003±0.040 indicating they are equiv-
alent to within uncertainties.
We convert the TDSC photometry to the Johnson
photometric system (B, V ) using the relationships pre-
sented in ESA (1997) (Sec 1.3, Appendix 4, Equation
1.3.26). The resulting B, V , and (B − V ) are given in
Table 2, along with their magnitude sums. As an exter-
nal consistency check, we compute the magnitude sums
to the Johnson et al. (1966) unresolved values, obtain-
ing (TDSC - Johnson) differences of ∆B = 0.00± 0.01,
∆V = 0.00 ± 0.01, and ∆(B − V ) = 0.00 ± 0.03. This
exact agreement is remarkable given the difficulty of
resolving these stars. The resolved color indices are
(B−V )A = 0.64±0.01 and (B−V )B = 0.65±0.02, both
of which are equivalent to within uncertainties to the es-
timated solar value, (B−V ) = 0.653±0.003 (Ramı´rez
et al. 2012). However, using the system parallax we find
that the absolute visual magnitude of the A component,
MV,A = 2.99 ± 0.06, is well above the main-sequence,
while the B component, MV,B = 4.88± 0.06, is close to
the solar value, MV, = 4.83 (Allen 1973).
Using the Flower (1996) empirical bolometric correc-
tions and color-temperature relationship (tabulated in
Torres 2010) and the Stephan-Boltzman law we find
the fundamental properties for the A component to
be Teff,A = 5731 ± 47 K, LA/LN = 5.8 ± 0.3, and
RA/RN = 2.42 ± 0.08, where the units are the nomi-
nal solar values recommended in IAU 2015 Resolution
B3 (Prsˇa et al. 2016). For the B component, we ob-
tain Teff,B = 5705± 73 K, LB/LN = 1.025± 0.055, and
RB/RN = 1.04 ± 0.04. Here we again find the A com-
ponent to be evolved and the B component to be nearly
identical to the Sun within the uncertainties. However,
HD 81809 is relatively metal poor, with [Fe/H] = −0.29
(Holmberg et al. 2009).4 Assuming the metalicity esti-
mate represents both components, we would expect the
metal-poor B component to be less luminous than the
Sun if had solar mass and age.
4 There are similar estimates from e.g. Mishenina et al.
(2013) (−0.28), though some other estimates find even lower
metal content, e.g. Boeche & Grebel (2016) (−0.38); Takeda
& Kawanomoto (2005) (−0.34). These estimates are based on
blended spectra whose flux is dominated by the A component. It
is unknown what effect the presence of the B component may have
on the metalicity estimates.
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Figure 3. MIST evolutionary tracks and isochrones. Top:
Colored lines are evolutionary tracks from 0.8M to 1.8M
in 0.05M increments with [Fe/H] =−0.29. The black line is
the zero-age main-sequence. HD 81809 A (red) and B (blue)
observations are overplotted. Gray points are observations
from the GCS with −0.31 ≤ [Fe/H] ≤ −0.27, while the gray
line is the estimated main-sequence fit to the lower edge of
the observations. Bottom: Same as above, except that now
the colored lines are model isochrones from 1 to 14 Gyr in 1
Gyr increments.
2.4. Comparison with MESA Stellar Evolution Model
Stellar evolution models can help us check for consis-
tency between the the estimated mass (from orbital con-
siderations) and the temperature and luminosity (from
photometry). In Figure 3a we show MESA Isochrones
& Stellar Tracks (MIST; Choi et al. 2016) evolutionary
tracks from 0.8 M to 1.8 M interpolated to [Fe/H] =
−0.29 using their online tool.5 HD 81809 A (red) and
5 http://waps.cfa.harvard.edu/MIST
B (blue) are overplotted. The model masses are about
1.18M for the A component and 0.81M for the B
component. These are lower than the masses estimated
from orbital measurements by 1.5σ and 0.7σ, respec-
tively. Furthermore, the B component appears quite
evolved, at the transition to the main-sequence turnoff.
This indicates a great age for the B component, which
is confirmed the MIST isochrones plotted in Figure 3b,
where the indicated age for the B component is over
14 Gyr. This is older than the estimated age of the
Universe. Furthermore, A & B do not lie on the same
isochrone, as would be expected for a co-evol binary.
These issues indicate that there is a serious problem with
either the characterization of HD 81809 A & B or the
MIST models at this metalicity. To check this, we have
plotted a selection of stars from the Geneva-Copenhagen
Catalog (GCS; Holmberg et al. 2009) within 0.02 dex of
the adopted metalicity. These data reveal that dozens of
stars are estimated to be older than 14 Gyr, and further-
more the lower edge of the GCS observations appears to
be higher than the model main-sequence. To explore
this, we estimate the GCS main-sequence by fitting a
third order polynomial to the lowest luminosity stars in
50 K temperature bins (gray line). Comparing this to
the MIST model ZAMS, we find a non-uniform differ-
ence with an average value in the domain [5300, 7000] K
of 0.11 dex in log(L), or, switching the dependent vari-
able, 207 K in Teff . The difference increases at higher
temperatures, which may indicate a scaling issue with
the MIST models, or a bias to older stars in the GCS
data.
It is beyond the scope of this work to attempt to re-
solve the difference in the main-sequence position be-
tween the MIST models and the GCS observations.
We will only note that shifting the model grid by the
mean difference 0.11 dex places the A component at
∼6 Gyr and the B component at ∼10 Gyr, still about
2σ away from A’s isochrone. A larger shift of about
0.16 dex is required to place A & B on the same ∼7
Gyr isochrone, however such an alteration places a large
number of low-temperature GCS observations below the
model main-sequence. Such a deficiency may be in some
sense “normal”, as comparisons between MIST and well-
characterized eclipsing binaries shows the models are too
luminous by ∼0.2 dex for stars below ∼0.7 M (see Choi
et al. 2016, Section 8.1). However, shifting the grid by
0.17 dex further lowers the model masses to ∼1.05 and
∼0.85 M for A & B respectively. This places the mass
sum about 1σ below the estimate based on Kepler’s third
law.
A systematic underestimate of the HD 81809 metal-
icity or parallax could also be a factor leading an over-
8estimate of luminosities with respect to the model grid.
Such errors would shift both the A & B components si-
multaneously, and so as above an ∼0.16 dex shift would
be required to place the components on the same model
isochrone. While an error in metalicity would only af-
fect the model masses, a larger parallax would also lower
the orbit-based estimate of the component masses so
that the model and observations might “meet in the
middle.” We find that a parallax of ∼35′′ places both
components on the same MIST isochrone, however the
resulting orbital B mass becomes significantly smaller
than the model mass. Finally, errors in the resolved two-
color photometry would independently move the A & B
components around the HR diagram. From the above
analysis of the photometry we are encouraged that the
TDSC measurements are both internally and externally
consistent with unresolved two-color photometry on the
Tycho and Johnson systems, respectively. Furthermore,
Fabricius et al. (2002) Figure 8 compares the TDSC pho-
tometry to the earlier reduction of Fabricius & Makarov
(2000). For bright binaries like HD 81809, both the
colors and the component VT magnitudes are quite con-
sistent. However, as the authors note, when there are
differences the TDSC reduction tends to be brighter,
more so for the B components. Inspecting Figure 3b,
we see that the B component would need ∆L ∼ −0.2
dex fainter to lie on the same isochrone as the A com-
ponent. Using ∆Mbol = ∆L/(−0.4), this corresponds
to a brightness error of +0.5 mag. Using the scatter
in Fabricius et al. (2002) Figure 8 as an rough estimate
of photometric precision, we can conclude that such a
large magnitude error would be very anomalous, but not
impossible at the brightness of HD 81809B.
To summarize, when comparing the HD 81809 com-
ponent positions on the HR-diagram to MIST model
isochrones we find issues with the age of the B-
component, that it is (1) older than the Universe (2)
not the same age as the A-component, and furthermore
(3) the model masses are lower than masses estimated
from the orbital parameters. Adding GCS stars of the
same metalicity to the HR-diagram reveals that there
may be a model calibration issue whose resolution by a
+0.11 dex shift in luminosity may partially resolve is-
sues (1) and (2), while worsening problem (3). A larger
shift of +0.16 dex is required to fully resolve age issues,
while further worsening the mass issue. An error in the
measured metalicity would have a similar conflict be-
tween model ages and masses versus observations, while
a larger parallax could help to resolve most of the issues.
Errors in the resolved photometry are still a possibility
and may also play a factor. Allowing for the possibility
of systematic luminosity calibration error in the model,
the model age for HD 81809 system should be in the
range 4–7 Gyr, and the corresponding model mass sum
from 2.3–1.9 M.
Due to the possibility for MIST model calibration er-
rors, we will put the model results aside and take the
observations as they are for the remainder of our analy-
sis.
3. ROTATION-BASED IDENTIFICATION OF THE
ACTIVE COMPONENT
Because the cycle shown in Figure 1 is so clean, we
assume that the variability is dominated by only one
component in the binary. Similarly, we attribute the
40.2 day rotation measurement of (Donahue et al. 1996)
to the same active component. We can obtain an inde-
pendent estimate of rotation period using the projected
rotational velocity measured from Doppler broadening,
v sin i.
Peq
sin i
=
2piR
v sin i
, (2)
where Peq indicates the rotation period at the stel-
lar equator and R is the radius of the star. We use
v sin i = 2.9 ± 0.3 km s−1 from Ammler-von Eiff &
Reiners (2012). Next, assuming the rotational axis is
aligned with the orbital axis, we use orbital inclination
i = 85.4◦ ± 0.1◦ from the binary solution of Tokovinin
et al. (2015). This assumption is justified in the work
of Hale (1994), who finds that in binary systems with
separations log(a) . 1.2 (. 16 AU) the primary com-
ponent equatorial plane and orbital plane are co-planar
to within ±10◦. Using these values and the radius of
the A component from above in equation (2) we find
Peq,A = 42 ± 29 d. The large uncertainty is dominated
by the uncertainty in v sin i, however the best value
is close to the measurement of Donahue et al. (1996).
Since the Doppler broadening of the blended spectra
should be dominated by the much brighter A compo-
nent (∆mV = 1.89 implies a flux ratio FA/FB = 5.70),
and the rotation period from the S-index record agrees
with Peq, we conclude that the S-index modulations of
HD 81809 are dominated by the evolved A component.
Using similar arguments for the B component, we find
Peq,B = 18 ± 13 d, such that the angle between the or-
bital axis and the rotational axis of B would have to
be 59◦ in order for Peq,B to agree with Prot = 40.2 d.
Such a large spin-orbit misalignment may be difficult to
explain on physical grounds, however see Offner et al.
(2016).
Furthermore, the long rotation period attributed to
the A component is consistent with our expectations
from conservation of angular momentum as an evolved
star expands (van Saders & Pinsonneault 2013). Such
9a long rotation period for the G-type main-sequence B
component is inconsistent with the observational find-
ings of van Saders et al. (2016), who found that rota-
tional braking ceases to operate past a critical Rossby
number (≡ Prot/τc, where τc is the convective turnover
time; see Noyes et al. 1984) of about 2, thereby tem-
porarily halting the growth of the Rossby number un-
til the star begins evolutionary expansion. If the B
component were responsible for the 40.2 d rotational
modulations, its Rossby number would be 3.29. The
A-component Noyes et al. (1984) Rossby number is sim-
ilarly large (3.56), however the empirical relationship
was developed using main-sequence stars, and is likely
invalid for evolved stars (see Gilliland 1985).
4. DECONVOLVING THE S-INDEX
4.1. Mathematical Description
Rewriting the S-index definition (1) for an unresolved
binary with components A & B, we have:
SAB = α
(NH,A +NH,B) + (NK,A +NK,B)
(NR,A +NR,B) + (NV,A +NV,B)
. (3)
We now seek to rewrite this in terms of the S indices of
the individual components, SA and SB . This can done
with some algebra using the definition of the S-index (1)
and defining:
D ≡ NR,A +NV,A
NR,B +NV,B
, (4)
resulting with:
SAB =
SB +DSA
1 +D
. (5)
Notice that D in equation (4) is the ratio of the de-
nominators of the component S-indices, i.e. the pho-
ton counts in the two pseudo-continuum bands from the
components. In developing an activity index based only
on the flux in the H and K bands, Middelkoop (1982) de-
veloped a color-correction factor related to the S-index
denominator:
Ccf ≡ (NR +NV )γ/fbol, (6)
where fbol = γ10
−0.4(mV +BC) is the apparent bolomet-
ric flux and γ is a constant dependent on extinction.
Alternatively, we can relate the flux to the luminosity
fbol = L/4pid
2, where d is the distance. Then we rewrite
D in equation (4) as:
D =
LA
LB
· Ccf,A
Ccf,B
. (7)
Middelkoop (1982) developed an empirical relation for
Ccf as a function of (B − V ) (see their equation 8), and
we have already estimated the component luminosities
above. Therefore, D is a known quantity; for HD 81809
its value is 5.80. Now if we can assume a value for one of
the component S-indices, then we can use the observed
convolved S-index SAB and equation (5) to solve for the
other component.
4.2. Estimating Activity of the Flat Component
As discussed above, we assume that only one of the
components of HD 81809 is “active” and cycling, while
the other has negligible variability, or is a flat-activity
star. We can therefore use observations of other flat-
activity stars to estimate an S-index for the flat com-
ponent. While Hall et al. (2007) finds flat-activity stars
at a large range of activity levels, most of those above
log(R′HK) > −4.75 were classified as variable in (Baliu-
nas et al. 1995) using longer time series. We therefore
use the long ∼50-year activity records from the Egeland
(2017) sample of solar-analog stars to define a model for
flat-activity on the main sequence. The sample is de-
fined by stars with overlapping observation records from
both MWO and SSS with effective temperatures within
∼5% of the solar value. Starting from the original 27-
star sample, we measure the seasonal-median amplitude,
defined as As = max(Ŝi)−min(Ŝi, where Ŝi is the me-
dian S-index for season i. We define “low-variability”
as any star with As lower than the solar value of 0.0203,
finding 9 such stars. We define “main-sequence” follow-
ing Wright (2004) using the absolute magnitude height
∆MV = MV,MS(B − V )−MV above the Hipparcos en-
semble mean main sequence, MV,MS(B − V ), defined
using the eighth-order polynomial found in the erratum
of Wright (2004). Stars with ∆MV < 1 are consid-
ered “main-sequence”, and those with larger ∆MV are
“evoloved.” This ∆MV cut leaves us with 7 stars with
effective temperatures within 2% of the solar (and HD
81809 A or B) value. The main-sequence flat-star sam-
ple properties are shown in Table 3. The As for this
sub-sample ranges from 0.0085–0.0178, or 41–87% of
the solar variability. The median activity ranges from
Ŝ = 0.147–0.179, with an ensemble median of 0.157 (or
log(R′HK) = −5.02 using (B − V ) = 0.65). We use
this sub-sample ensemble median activity to represent
the “typical” activity of a low-variability main-sequence
solar-analog star.
Wright (2004) examined the previous suggestions that
stars with very low activity (log(R′HK) <= −5.1) may
be in suppressed activity states analogous to the so-
lar Maunder Minimum. They found that most stars
in that activity range were evolved according to the
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Table 3. Low-Variability Main-Sequence Stars
HD T/T N R/RN L/LN ∆MV Ŝ As
43587 1.02 1.24 1.62 0.77 0.1552 0.0111
71148 1.00 1.11 1.24 0.72 0.1567 0.0145
126053 0.98 0.92 0.79 0.22 0.1663 0.0134
141004 1.02 1.38 2.07 0.92 0.1573 0.0178
142373 1.01 1.73 3.06 0.89 0.1470 0.0085
143761 1.00 1.31 1.74 0.71 0.1505 0.0143
176051 1.01 1.20 1.51 0.46 0.1793 0.0157
definition given above. More strictly, they found that
all such evolved stars had log(R′HK) < −4.9, while
log(R′HK) − 5.1 is approximately the median activity
of evolved stars (see their Figure 3). Therefore, if the
evolved A component were the flat-activity component,
log(R′HK) ∼ −5.1 is a reasonable estimate for its activ-
ity.
In Figure 4 we use equations (5) and (7) along with
the component data in Table 2 to model the compo-
nent S-indices for various assumed activity levels of the
flat component. Three scenarios are shown. In Case
1, the luminous subgiant A is the variable component
and the flat activity for B is assumed to be S ∼ 0.157,
estimated using the low-variability solar-analog main-
sequence sub-sample described above. In Case 2, the
main-sequence B component is variable and the sub-
giant A has an assumed log(R′HK) ∼ −5.1, estimated
using the Wright (2004) data. Finally, Case 3 again as-
sumes B is variable and A is flat, but fixes the activity
of B to a value of log(R′HK) = −4.85 that would not
be anomalous on the activity-rotation diagram (see be-
low). In the lower panel S is transformed into log(R′HK)
using the formulation of Noyes et al. (1984) and the
B − V colors of Table 2. The mean solar activity
(S = 0.1694; log(R′HK,) = −4.9427) from Egeland
et al. (2017) is shown for reference.
Figure 4 shows that when the less-luminous B compo-
nent is assumed to be flat, as we believe based on the
rotational analysis of Section 3, then the activity of the
varying component SA is not much different than that
of the original convolved observation regardless of the
activity level of the B component. In Case 1, using our
assumed SB ∼ 0.157, we would find SA = 0.178, slightly
more active than the Sun. Converting to R′HK, we have
log(R′HK,B) ∼ −5.02 implying that log(R′HK,A) = −4.89.
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Figure 4. Deconvolving the S-index. Top: S-index decon-
volution where the x-axis is the assumed activity of the flat
component of HD 81809 and the y-axis is the resulting mean
activity of the varying component. The convolved S-index
is shown as a black dashed line for reference. The red line
comes from equation (5) and the assumption that the sec-
ondary is flat, while the blue line assumes that the primary
is flat. Vertical dashed lines give best estimates for the likely
activity of a flat-activity dwarf (green) and subgiant (ma-
genta) respectively. Colored circles give the HD 81809 de-
composed activity cases discussed in the text, with the mean
solar activity (orange) plotted for reference. Horizontal dot-
ted lines and associated error bars give an upper limit to
activity assuming all of the measured X-ray flux comes from
only one component. Bottom: Same as above, but using the
log(R′HK) activity index.
Assuming a lower SB results in nearly negligible in-
creases in SA, due to the small slope ∆SA/∆SB = 0.172.
However, if the more-luminous A component is as-
sumed to be flat, the activity of the B component
SB is quite large at the “typical” activity of a sub-
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giant. Case 2 assumes log(R′HK,A) ∼ −5.1, resulting in
log(R′HK,B) = −4.43 (in S, SA ∼ 0.145 and SB = 0.347).
Significantly higher activity in A would be required to
push B into a low-activity regime, which would be re-
quired to keep its activity from being anomalous with
respect to its rotation (see Figure 5 below). Such a sit-
uation is given in Case 3, where we fix the B activity to
log(R′HK) ∼ −4.85 and solve for the required activity of
A, obtaining log(R′HK) = −4.92.
4.3. Limits Imposed by X-ray Observations
We used the X-ray/calcium HK relationship described
in the appendix of Mamajek & Hillenbrand (2008)
to check whether our deconvolved activity levels are
compatible with the convolved X-ray observations for
HD 81809. We compute upper limits to the expected
log(R′HK) emission by assuming that all of the X-ray
emission comes from either the A or the B compo-
nent. Mamajek & Hillenbrand’s relationship is based on
RX = LX/Lbol, which we computed using the data from
Table 2. Then, assuming all X-ray emission is from A,
we would expect log(R′HK,A) ≤ −4.79 ± 0.11. Similarly
for the B component we would expect log(R′HK,B) ≤
−4.58± 0.11. The uncertainties given are based purely
on the parameter uncertainties of the empirical relation-
ship of Mamajek & Hillenbrand (2008). These upper
limits are plotted on Figure 4 along with the decon-
volved activity curves and the three special cases de-
scribed above. The entire activity curve for scenarios
in which B is flat and A is the varying component is
allowed by the X-ray upper limit, including our best es-
timate Case 1. For scenarios in which A is flat and B is
varying, the X-ray data renders the high-activity portion
of the curve unlikely, including Case 2 that assumed the
subgiant A component has the typical value from Wright
(2004), log(R′HK) = −5.1. The X-ray data do not fully
exclude Case 2, which lies just over 1σ above the upper-
limit estimate. Case 3, which is chosen such that the B
component does not have an anomalously high activity
for a ∼40 day rotation period (see below), is found to
be fully compatible with the X-ray upper limit.
4.4. Comparison to Activity–Rotation Data
We now compare the three scenarios discussed above
with an ensemble of stars with known activity and rota-
tion. We use the Mount Wilson sample of 82 stars with
rotations from the literature (Egeland 2018) for this pur-
pose. Figure 5 shows the HD 81809 activity scenarios
with the MWO ensemble. We see from the figure that
for our best estimate of a case where A is varying and
B is flat (Case 1) the HD 81809 point falls within the
ensemble bounds for activity and rotation. However, for
0 10 20 30 40 50 60 70
Prot [d]
−5.6
−5.4
−5.2
−5.0
−4.8
−4.6
−4.4
−4.2
lo
g(
R
′ HK
)
MWO star
G-group
case 1, A
case 2, B
case 3, B
mean Sun
flat dwarf
”very inactive”
subgiant
B extrapolation
case 1, B
−0.4 −0.2 0.0 0.2 0.4 0.6
log(Ro)
−5.6
−5.4
−5.2
−5.0
−4.8
−4.6
−4.4
−4.2
lo
g(
R
′ HK
)
Figure 5. Deconvolved HD 81809 activity-rotation (Top)
and activity-Rossby (Bottom) cases from Figure 4 compared
to the MWO ensemble with measured rotation periods (black
filled circles; G-type stars are open circles). In the top panel,
the blue line is the activity-rotation relationship from Ma-
majek & Hillenbrand (2008) for the B component, while in
the bottom panel the general activity-Rossby relationship is
shown. In both curves the dashed continuation shows an ex-
trapolation for log(R′HK) < −5.0 that was not considered in
their analysis. The colored circles and lines have the same
meaning as in Figure 4, with the addition of the magenta
square representing the expected activity level of the B com-
ponent if it were the “varying” component and also followed
the extrapolated Mamajek & Hillenbrand (2008) activity-
Rossby relationship, and the green square showing the ex-
pected rotation of the B-component given the prototype “flat
dwarf” activity level of Case 1. Arrows indicate the direc-
tions of possible activity or Rossby number corrections.
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our best estimate with B varying and A flat (Case 2), B
would be a severe outlier with respect to the ensemble.
Case 3 is an upper limit for activity for which a varying
B component would not be anomalous with respect to
the ensemble. In this case, a more active A component
is required, as indicated by the magenta arrow. Con-
tinuing this trend, it would in fact be possible that the
mean activity of a variable B component is smaller than
a flat A component, which would not necessarily place A
as an outlier with respect to the ensemble, since in this
case its rotation is unknown and it may be fast enough
to avoid being anomalous.
Figure 5 also shows the empirical activity-Rossby
number relationship of Mamajek & Hillenbrand (2008)
(equation 6). This relationship is based on data with
−5.0 ≤ log(R′HK) ≤ −4.3, but for illustrative purposes
we include the lower-activity extrapolations as dashed
lines. In the top panel of Figure 5 the rotation curve
specifically refers to the B component (Prot = τc · Ro,
where B − V = 0.65 results in τc = 12.2 days using the
relationship of Noyes et al. 1984). The magenta square
shows the extrapolated activity level log(R′HK) = −5.36
if the B component were the varying component with
Prot = 40.2 as derived from the Ca HK time series. Such
a low activity appears to be unphysical in light of the
large ensemble of Figure 6 below. The green square
shows the expected rotation period Prot ∼ 28 days for
the B component under the “flat dwarf” activity sce-
nario of Case 1. This estimate appears to be reasonable
by analogy; it is not far below the Sun in parameter
space and two other G-type stars have similar activity
and rotation measurements. Note that we cannot simi-
larly estimate the expected rotation of the A-component
under the Case 2 and Case 3 scenarios because the Ma-
majek & Hillenbrand (2008) activity-Rossby relation-
ship is valid only for main-sequence stars.
In all cases the computed Rossby number (using Noyes
et al. 1984) for the varying component is large with re-
spect to the ensemble. However, if the varying compo-
nent is A (Case 1), the convective turnover time may in
fact be in error due to the evolution (see Gilliland 1985,
Figure 10). The estimated effective temperature of the
A component lies almost exactly on a transition point
in Gilliland’s models, where lower temperatures lead to
a steep increase in convective turnover time with re-
spect to the main-sequence value at that temperature,
while higher temperatures have a steep relative decrease.
Therefore, the correction for A could go either way, as
indicated by the green arrows. The B component, on
the other hand, is close to the main sequence and so
its Rossby number estimation should be as good as any
other member of the ensemble. Case 2 would place the
B component activity in a highly anomalous position,
while Case 3 would be less so given the large scatter in
Rossby number at low activities.
The activity decomposition above does not conclu-
sively decide whether A or B is the varying component.
However, the case where A is varying and B is flat results
in deconvolved activity levels that are not anomalous
with respect to rotation for any reasonable deconvolu-
tion scenario. On the contrary, using the best estimate
of a mean activity level for a flat subgiant (Case 2) re-
sults in an anomalously high activity level for a B com-
ponent with a ∼40 d rotation period. If one assumes a
higher activity (log(R′HK) > −4.92) for a flat subgiant A
component this problem can be resolved (e.g. Case 3).
It remains uncertain whether such an object exists in
nature. In the Baliunas et al. (1995) sample, highest ac-
tivity luminosity class IV or IV-V star classified as “flat”
is 31 Aquilae (HD 182572) with log(R′HK) = −5.097
(Egeland 2018).
4.5. Comparison to Activity–Evolution Data
We examine whether the three activity scenarios de-
rived above are consistent with the observed activity
levels from an ensemble of stars at the same point in
their evolution as HD 81809 A and B. Following Wright
(2004), we compute the height above the Hipparcos main
sequence ∆MV for the activity sample of Isaacson & Fis-
cher (2010) with 0.44 ≤ (B − V ) ≤ 0.90 (1764 stars).
The results are shown in Figure 6, which is an updated
version of Figure 7 from Wright (2004). Examining Fig-
ure 6, we see that for the subgiant A component any
of the three cases outlined above is compatible with the
ensemble behavior, although there are notably few stars
around ∆MV,A = 2.51. However, for the dwarf B com-
ponent (∆MV,B = 0.85) Case 1 is the most likely in a
statistical sense, while Case 3 is a less likely possibility.
Case 2 places the B component in an outlying region
which appears to be highly unlikely in the Isaacson &
Fischer (2010) ensemble. Both Case 1 and Case 3 place
the B component very near to the Sun (∆MV = 0.83)
in the activity-evolution plane.
4.6. Inclination and Differential Rotation
Donahue et al. (1996) measured seasonal rotation pe-
riods for HD 81809 ranging from 37.0 to 43.0 days. As-
signing these periods to the A component and using the
v sin i and radius of Table 2, we can estimate some lim-
its on the inclination of the rotation axis, irot, and the
nature of its differential rotation. Recall that assuming
spin-orbit alignment we obtained Peq = 42±29 days. Ig-
noring for the moment the enormous uncertainty, we can
see that if HD 81809A is spin-orbit aligned, then it must
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Figure 6. Height above the main sequence ∆MV versus
activity for the catalog of Isaacson & Fischer (2010) with
0.44 ≤ (B − V ) ≤ 0.90. G-type stars (0.60 ≤ (B − V ) ≤
0.70) are shown as yellow points. The ∆MV of the A and
B components of HD 81809 are indicated with red and blue
lines, respectively, with the shaded regions indicating the 3σ
uncertainty. The three cases of deconvolved activity given
in Figure 4 are shown as colored circles. Histograms of the
data contained in the ±3σ shaded regions are shown in the
bottom panel.
have anti-solar or perhaps banded, Jupiter-like differen-
tial rotation, as the mean rotation period Prot = 40.2
d is faster than the required equatorial rotation. Con-
versely, if we assume strict solar-like differential rotation
(monotonically increasing rotation period with increas-
ing latitude) and assign the shortest seasonal rotation
period to the equator, we find sin(irot) = 0.88± 0.68, or
irot = 61
◦±111◦, for a spin-orbit misalignment of ∼ 24◦,
significantly larger than the solar misalignment of 7.25◦
Allen (1973). Given the large (indeed, geometrically
impossible) formal uncertainties in the above scenarios
no strong conclusions can be drawn. However, there is
some reason to suspect that the formal uncertainties in
inclination, which are dominated by the uncertainty in
the v sin i, are too large. Hale (1994) was able to use
similar inclination calculations to find a distribution of
spin-orbit misalignments smaller than ∼ 10◦ for binaries
with orbital separations . 16 AU. This result should not
have been possible if the inclination uncertainties cover
the entire domain [0◦, 90◦] as in the above case. It also
bears noting that many of Hale’s v sin i measurements
had as large or worse relative uncertainty as our adopted
v sin i for HD 81809.
5. CONCLUSIONS
The latest visual (Tokovinin et al. 2015) and radial
velocity (Pourbaix et al. 2004) orbital solutions, along
with the Gaia DR2 parallax for the HD 81809 system
indicates component masses of MA = 1.58 ± 0.26M
and MB = 0.91 ± 0.15M. Assuming the Tycho re-
solved two-color photometry and the Gaia parallax are
accurate, we conclude that the A component is a sub-
giant (Teff = 5757 ± 57 K, L/LN = 5.8 ± 0.3), the B
component is a main-sequence dwarf (Teff = 5705 ± 73
K, L/LN = 1.025±0.055), and that it is the subgiant A
component that is responsible for the well-defined 8.17
yr magnetic activity cycle and 40.2 d rotation period
found in archival convolved Ca HK observations. The
latter conclusion is based on the following lines of evi-
dence:
1. An independent estimate of rotation period using
the convolved v sin i measurement dominated by
the larger flux of the A component, along with
the A component’s radius, results in a value of
∼ 40 d that is consistent with the rotation period
measured from the convolved Ca HK observations.
Doing a similar exercise for the B component re-
sults in disagreement.
2. By assuming a typical value for the Ca HK ac-
tivity of a flat, main-sequence B component, we
derive an activity for the A component that is
not anomalous with respect to ensemble activity-
rotation data or the expected activity derived from
the X-ray flux, while doing the converse and as-
suming a typical activity for a flat A component
results in anomalous activity for the B component
(see Figures 4 and 5).
3. The activity scenarios for a cycling B component
and flat A component result in atypical activity for
the B component with respect to similarly evolved
stars (see Figure 6).
Based on analogy with ensemble values, we find
log(R′HK,A) ∼ −4.89 at Prot,A = 40.2 ± 2.3 d and
log(R′HK,B) ∼ −5.02 at Prot,B ∼ 28 d to be a reasonable
model for deconvolved activity and rotation. Resolved
activity measurements are necessary to characterize the
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system with certainty. The Sun-like magnetic activ-
ity cycle for a slowly rotating but significantly more
luminous star with a Sun-like effective temperature rep-
resents a new challenge for dynamo theory.
6. DISCUSSION
Our conclusions depend upon the accuracy of the spa-
tially resolved Tycho two-color photometry as well as
the the (however reasonable) assumption that the HD
81809A rotation axis is parallel with the orbital axis.
The Tycho resolved photometry is near the edge of the
instrument’s capability (Fabricius et al. 2002), but the
observations are at least consistent with earlier con-
volved photometry, and the deconvolved activity level
for a varying A component is not anomalous with respect
to ensemble activity-rotation trends while the contrary
case can be. Future data releases from Gaia should be
able to confirm the color temperature of the HD 81809
components using the GRP and GBP bands of that in-
strument. However, conclusive evidence of an active A
component can only come from resolved spectral obser-
vations of an established proxy for magnetic activity.
Such observations should be possible with modern tele-
scopes with adaptive optics and favorable conditions.
Our estimated Ca ii H & K activity level for the A
component is near the middle of the activity distribu-
tion for evolved stars with ∆MV > 2 in Figure 6, while
the highest activity evolved flat star in Baliunas et al.
(1995) has a lower activity, log(R′HK) = −5.097. We
therefore speculate that perhaps all of the relatively
high-activity evolved stars are cycling or otherwise vari-
able, while those with lower activities may indeed be flat.
HD 81809A would not be the first cycling subgiant re-
ported. Notably, HD 78366 (G0IV-V) and HD 219834A
(G8.5IV) had “good” cycles in the (Baliunas et al. 1995)
study, and five other evolved stars had lower-quality cy-
cles reported (Egeland 2018). The quality of the HD
81809 cycle is exceptional, however, and in that regard
remarkable for a subgiant. The MWO HK Project began
to purposefully observe evolved stars in the early 1990s
and preliminary results were given in Baliunas et al.
(1998). It was shown that the same variety of patterns in
long-term variability that exist for main-sequence stars
also exist in evolved stars. Unfortunately, the detailed
study was never published and observations ceased in
2003. More long-term variability studies are necessary
to determine patterns of magnetic activity with evolu-
tion. In particular, the widely-used Rossby number for-
mulation of Noyes et al. (1984) likely does not work for
evolved stars (Gilliland 1985). A corrected approach
may result in reduced scatter in activity-Rossby distri-
butions (e.g. Figure 5) at the low-activity end where
most of the stars are evolved (Wright 2004). Based on
the work of Gilliland (1985), it is indeed possible that
the Rossby number of HD 81809A is rather close to the
solar value, which could make it an unlikely kind of “so-
lar twin” in all the ways which matter to the dynamo
(Egeland 2018).
In Section 4.6 we found that if HD 81809A is spin-
orbit aligned, then it must have anti-solar or Jupiter-
like banded differential rotation, or conversely if it has
strictly solar-like differential rotation then it must have
a large spin-orbit misalignment of 24◦. We caution, how-
ever, that these conclusions can only be drawn by ignor-
ing the large formal uncertainties on the derived inclina-
tions, which are primarily due to the large uncertainty in
v sin i. A scenario of solar-like differential rotation and
large spin-orbit misalignment is contrary to the results of
(Hale 1994) that found relatively close binaries (within
16 AU) to be spin-orbit aligned to within ∼ 10◦. We
argue that Hale’s result could not have been obtained if
the derived inclinations were truly as uncertain as the
formal calculations imply. With this point in mind, we
find the case for non-solar differential rotation in HD
81809A to be on firmer ground. Such a scenario fits
in with the recent proposition of Brandenburg & Gi-
ampapa (2018) who hypothesized that the population
of M67 dwarf stars with large Rossby number and rela-
tively high activity may in fact be examples of anti-solar
differential rotation, as was predicted by the models of
Karak et al. (2015). As we have discussed, HD 81809A
also likely has a large Rossby number as well as a high
activity compared to other similarly evolved stars.
The HD 81809 system has also been well studied in
X-rays (Favata et al. 2004, 2008; Orlando et al. 2017).
Favata et al. (2008) assumed solar-like active regions
and deduced that the primary component must be emit-
ting most of the flux, because under such an assumption
the secondary component would require an unphysical
filling factor larger than 1. Radick et al. (2018) did
not find this argument convincing, noting that younger,
fast-rotating main-sequence stars also have X-ray lumi-
nosities well exceeding the Sun’s (e.g. Wright et al. 2011)
with a similar surface area. However, the Ca HK and X-
ray emission do vary in phase, and therefore it is reason-
able to assume that the ∼40 d rotation period measured
in the Ca timeseries also applies to the star responsible
for the X-ray cycle. This is certainly not the rotation
period of a young star, and therefore we believe the in-
tuition of Favata et al. (2004) that the primary is the
active component (reaffirmed in Orlando et al. (2017))
was ultimately correct.
Radick et al. (2018) presented 19 years of photomet-
ric variability of HD 81809 in the Stro¨mgren b (469 nm,
15
FWHM 20 nm) and y (548 nm, FWHM 22 nm) bands.
It was found that photometric variability is relatively
large (σ(b+y)/2 = 1.26 mmag) and the correlation be-
tween brightness and Ca HK activity is poor and neg-
ative. Compared to their best estimate for the Sun,
HD 81809A is 2.6 times more variable in the (b + y)/2
bandpass. The filling factors used by Favata et al.
(2008) (later reconfirmed by Orlando et al. (2017)) to
explain the X-ray luminosities were large; 60% cover-
age by active regions and 4–40% by brighter “active re-
gion cores” from activity minimum to maximum. This
was done assuming a radius of R ∼ 2RN; rescaling to
our value of 2.42 RN these are reduced somewhat to
38% active regions and 2.7–27% by active region cores.
Based on our expectation of a correspondence between
coronal and photospheric features, we would expect a
strong cycle-scale variation in the photometry due to
the presence of such structures. Therefore, as pointed
out in Radick et al. (2018), that we do not see a clear
photometric cycle is puzzling. One possible explana-
tion is that HD 81809A is on the threshold between
plage-dominated and spot-dominated photometric vari-
ations, such that during times of high activity it is spot-
dominated while when activity is low it is plage domi-
nated. Observationally, this corresponds to the region
where the change in brightness with change in activity
is near zero (∆(b+ y)/2/∆S) ∼ 0). Radick et al. (2018)
finds this transition point point at log(R′HK) ∼ −4.75,
though there is considerable scatter about the zero-slope
line for lower activity (see their Figure 15). Shapiro
et al. (2014) used the SATIRE-S irradiance model to
predict the possibility of such transition-point stars,
which depends on their inclination, in the activity range
−4.9 ≤ log(R′HK) ≤ −4.7, which is near our estimated
activity level for HD 81809A.
It is interesting to consider the magnetic evolution of
a star at the estimated mass of HD 81809A. Inspec-
tion of Figure 3a shows that HD 81809A was ∼1000 K
warmer (Teff ∼ 6750) when it was on the main sequence.
This would put it at about the F3 spectral type with
(B−V ) = 0.389 (Pecaut & Mamajek 2013). This is very
near the region of the H-R diagram where chromospheric
emission (and therefore magnetic activity) begins to be
observed for main-sequence stars, presumably coinciding
with the onset of a thin outer convective zone (Boehm-
Vitense & Dettmann 1980). Such a star is not expected
to have strong surface magnetic fields which cause stel-
lar spin-down, therefore it may spend the first 2–4 Gyr
(depending on mass) at a relatively fast rotation rate
of Prot ∼ 3–5 days (van Saders & Pinsonneault 2013,
see Figure 8). The rotation rate then rapidly decreases
as expansion takes place, and may reach ∼40 days in a
fraction of a Gyr (van Saders & Pinsonneault 2013, see
Figures 8 and 9)6. Thus we now observe HD 81809A
during a period of relatively rapid magnetic evolution,
as the rotation rate slows and the convection zone ex-
pands. The time period for which conditions suitable for
a smooth cycle such as HD 81809A now manifests may
be remarkably brief with respect to its stellar lifetime.
Furthermore, the star was close to magnetically inert
for its 2–4 Gyr main-sequence lifetime, and likely be-
came progressively more active as expansion produced a
thicker convective envelope. Such magnetic evolution is
in many ways the opposite as that of the Sun, which be-
gan its main-sequence life very magnetically active and
then became progressively less so as it spun down over
∼4 Gyr. The distinctly different magnetic history of HD
81809A and stars in a similar mass range may play a role
in the habitability and potential evolutionary history of
their respective exoplanets (e.g. Cuntz et al. 2010).
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6 As discussed in van Saders & Pinsonneault (2013), subgiant
rotation period can serve as a useful diagnostic. From their ra-
dius vs. period diagram (Figure 9) we find that the HD 81809A
should have a mass M/MN ∼ 1.2. The slow rotation then tightly
constrains its age to ∼ 5 Gyr, according to their age vs. rotation
diagram (Figure 8). This radius-rotation based diagnostic is in
good agreement with the MIST model mass and age discussed in
Section 2.4, but is inconsistent with the estimate based on orbital
solutions and parallax..
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